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have been used to constrain marine productivity throughout the global ocean. This incubation-independent approach has several advantages: It allows the determination of production free from containment artifacts and reduces logistical hurdles that can make obtaining productivity with traditional incubation-dependent methods difficult. As such, GOP estimates derived from 17 have been used to give insight into potential biases in incubation-based approaches and to evaluate satellite-based estimates of production at the regional scale. With increased use, we have also learned more about the potential biases and uncertainties of this approach, some of which have been addressed by recent method improvements. We recap the major advances the 17 method has brought to improved understanding of biological carbon cycling, from incubation bottles to ocean basins.
INTRODUCTION
In the 10-plus years since it was suggested that the natural abundance of the three stable isotopes of dissolved O 2 could be used as a constraint on oceanic productivity (Luz et al. 1999 , Luz & Barkan 2000 , observations of the triple O 2 isotope tracer ( 17 ) have been used to evaluate marine productivity globally in nearly every oceanic regime (Figure 1) . Applications of the approach to time-series sites have allowed the evaluation of potential methodological biases in both in vitro and in situ productivity techniques, and have provided some insight into differences in system productivity over different integration timescales (Luz & Barkan 2009 . Observations of 17 in other oceanic regimes have allowed the evaluation of satellite-based productivity and export estimates, often over large areas (Reuer et al. 2007 , Juranek & Quay 2010 , Stanley et al. 2010 . Because samples can be collected on research and commercial ships of opportunity, the approach has opened up new ways to improve the time and space distributions of marine productivity observations. Combined with Locations where the triple isotopic composition of dissolved O 2 has been used to assess marine productivity.
Red stars indicate the locations of longer-term sampling at time-series sites in the subtropical Pacific (Hawaii Ocean Time-Series site; Juranek & Quay 2005 ; the subtropical Atlantic (Bermuda Atlantic Time-Series Study site; Luz & Barkan 2000 ; the Southern California Bight (California Cooperative Oceanic Fisheries Investigations; Munro et al. 2012) ; Sagami Bay, Japan (Sarma et al. 2005 (Sarma et al. , 2006 (Sarma et al. , 2008 ; and the coastal United Kingdom ( J. Kaiser, unpublished data) . Black circles denote data from previously published studies in the equatorial Pacific (Hendricks et al. 2005 , Stanley et al. 2010 , the Southern Ocean (Hendricks et al. 2004 , Reuer et al. 2007 , Hamme et al. 2012 , trans-Pacific surveys ( Juranek & Quay 2010 , and the North Atlantic . Colored circles denote unpublished data from L.W. Juranek (light blue), R. Stanley ( green) , M. Prokopenko ( yellow) , N. Cassar (dark blue), and J. Kaiser ( purple) .
tracer and how it is (or should be) applied have slightly complicated the interpretation of observations, but the fact remains that observations of 17 in most major oceanic regimes allow the gross photosynthetic input of O 2 to be distinguished from other sources. Uncertainties arise from the conversion of these observations into photosynthetic rates and from the validity of the assumptions this may require. As there are inherent uncertainties to any productivity determination, whether incubation dependent or incubation independent, the focus has been on exploiting the 17 tracer for its strengths and using it to gain insight into biological C cycling throughout the surface ocean in ways that cannot be addressed by other methods.
With this in mind, we briefly review the evolution of the approach and the insights it has yielded regarding incubation-based productivity methods, relationships between O 2 -and C-based productivity, satellite-based productivity and organic C export estimates, and regional-scale functioning of the ocean's biological pump.
THE METHOD
At the heart of the 17 approach is a unique isotopic signature of O 2 generated by stratospheric photochemical reactions involving O 3 , O 2 , and CO 2 (Lämmerzahl et al. 2002) (Figure 2 ). These reactions result in stratospheric O 2 that, when normalized for differences in the 18 O/ 16 O ratio (see sidebar, The Triple Oxygen Isotope System), has a low 17 O relative to O 2 produced photosynthetically (Eisenstadt et al. 2010 , Luz & Barkan 2011 . The 17 O signature is tracked with the term 17 , which is typically defined as follows (Luz & Barkan 2005 , Kaiser 2011 of dissolved O 2 in the ocean is very small (0.000-0.250 ); accordingly, the per-meg notation has been preferred (1 per meg = 0.001 ). A value of 250 per meg indicates dissolved O 2 that is completely of photosynthetic origin, and a value of 0 per meg indicates dissolved O 2 that is completely of atmospheric origin (Figure 2) . A slope (λ) of 0.518 is used in Equation 1 because it causes 17 to be insensitive to respiration; that is, the respiratory isotope effect for δ 17 O relative to δ 18 O in marine communities is also 0.518 (see Figure 2 and sidebar). Thus, respiratory removal of O 2 has no bearing on 17 , and the photosynthetic rate term that is measured is gross O 2 production (GOP). Importantly, GOP-based estimates derived from 17 are incubation independent; thus, derived rates reflect natural plankton communities under natural and variable light conditions and integrate plankton responses over the residence time of dissolved O 2 in the surface mixed layer, generally on the order of 1-2 weeks.
A simple steady-state, zero-dimensional mixed-layer box-model approach with terms for gas exchange, production, and respiration (which has no effect on 17 ) is typically used to interpret observations (e.g., Luz & Barkan 2000 , Hendricks et al. 2004 , Kaiser 2011 ; when the air-sea O 2 transfer rate is supplied via wind-speed-based parameterization (e.g., Wanninkhof 1992 , Ho et al. 2006 , the GOP input rate can be determined from surface ocean 17 observations (Figure 2a) . Several studies have included slight modifications to the simple model to account for physical transport and entrainment effects that may bias surface estimates (Sarma et al. 2005 , Juranek & Quay 2010 , Munro et al. 2012 . Based on recent recommendations of Kaiser (2011) and Prokopenko et al. (2011) is still an important constraint); use of these "dual-delta" methods removes certain implicit assumptions that previously led to potential biases in GOP.
Because measurements of the dissolved O 2 /Ar gas ratio are easily obtained at the time of Juranek & Quay 2005; Reuer et al. 2007; Stanley et al. 2010; Hamme et al. 2012; Juranek et al. 2012) . NCP, the net O 2 difference between GOP and community respiration (also referred to as net ecosystem metabolism), is another important metric of ecosystem C cycling, and when averaged over appropriate timescales must be equivalent to C export. Normalization of O 2 to the inert tracer gas Ar is useful as it allows net biologically induced saturation changes to be distinguished from solubility-induced changes (i.e., from heating/cooling), which are typically of the same order in open ocean regimes (e.g., Emerson et al. 1991 Emerson et al. , 1997 Kaiser et al. 2005) . When O 2 /Ar and 17 measurements are combined, the NCP/GOP ratio, equivalent to an export ratio (Laws et al. 2000a) in O 2 currency, can be determined.
WHAT HAVE WE LEARNED FROM

17
OBSERVATIONS IN THE OCEAN?
Some of the first studies utilizing the 17 approach involved comparisons with traditional, incubation-dependent methods at well-characterized time-series sites in the subtropical Atlantic and Pacific-namely, the Bermuda Atlantic Time-Series Study (BATS) and Hawaii Ocean TimeSeries (HOT) sites (Luz & Barkan 2000 , Juranek & Quay 2005 . These studies allowed differences in incubation-dependent and incubation-independent approaches to be explored within the context of other ancillary data, and built upon results of O 2 -and C-based bottle incubation comparisons conducted during the Joint Global Ocean Flux Study ( JGOFS) (Bender et al. , 2000 Laws et al. 2000b) . Subsequent, more detailed investigations at BATS and HOT (Luz & Barkan 2009 ) have allowed better constraint of the biases and uncertainties of 17 -GOP, as well as more robust identification of the relationships between 17 -GOP and incubation-based rate terms and what differences between them might imply. These multitracer comparisons have been fundamental to evaluating the strengths and weaknesses of the 17 approach and to paving the way for applications of 17 to larger basin scales and the evaluation of satellite-based productivity.
What Do Comparisons of
17 -Based GOP with Incubation-Based GOP Tell Us?
Because of the uncertainties involved in converting gross O 2 evolution to photosynthetic C fixation, as well as the difficulties in further scaling that to a rate comparable to what the 14 C-incubation approach measures, the logical starting point for method evaluation has been comparison with incubation-based estimates of GOP (typically using the H 2 18 O-labeling approach, but occasionally using the sum of O 2 changes in light and dark bottles). Luz & Barkan (2000) demonstrated the near equivalence of GOP determined by incubation-dependent and incubation-independent methods in the highly productive Sea of Galilee, which had relatively rapid O 2 turnover with shallow mixed-layer and O 2 residence times of 5 days ( Table 1) . Subsequent studies, however, tended to find that 17 -GOP was often significantly higher than incubation-based GOP. For example, Juranek & Quay (2005) found that the 17 -GOP/ 18 O-GOP ratio ranged from 1 to 3 (mean = 1.9, n = 4) for two winter and two summer cruises at HOT station ALOHA in the subtropical Pacific, although entrainment and mixing biases may have led to a high 17 -GOP in some of these comparisons. In Sagami Bay, Japan, similar ratios were observed in comparisons between 17 -GOP and GOP determined from O 2 light/dark bottles (1-2.2, mean = 1.8, n = 4; Sarma et al. 2005 ), but subsequent comparisons of incubation-dependent and incubation-independent GOP by Sarma et al. (2006) at the same site indicated insignificant differences among methods (Table 1) . Later, in the most extensive comparison to date, Quay et al. (2010) used quasi-monthly ) rather than the mixed-layer integrated value (for details, see Figure 3a ).
b Note that this is based on a much more limited sample number (n = 4) than was used in the later study of Quay et al. (2010) , which involved quasi-monthly comparisons over two years.
c Quay et al. (2010) also found this ratio to vary as a function of depth, from 2.4 ± 0.3 at 5 m to 1.1 ± 0.05 at 100 m (seasonality in the depth trend not reported).
d14
C-PP was scaled to an equivalent 24-h incubation rate using an empirically derived factor of 1.8 (for details, see Munro et al. 2012 ).
e This ratio is also based on the slope of concurrent incubation rates normalized to volume (mmol m
), as in footnote a. The 3-h 14 C-PP was scaled to an equivalent 24-h incubation rate using an empirically derived factor not reported in Luz et al. (2002) .
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comparisons over two years at HOT to determine a 17 -GOP/ 18 O-GOP ratio of 1.25 (winter) to 1.4 (summer).
The potential causes for the differences in incubation-dependent and incubation-independent GOP fall into two broad categories: (a) the difference in integration time and space scales between the methods, and (b) the potential biases of either method. Juranek & Quay (2005) suggested that the tendency for 17 -based GOP to be slightly higher than 18 O-based GOP in the subtropical Pacific at HOT might reflect the incorporation of infrequent productivity events over the longer integration timescale of the geochemical method (1-2 weeks), whereas these events are more likely missed by short-term, relatively infrequent bottle-based observations. Around the same time, similar arguments were being invoked to explain the apparent discord between NCP rates inferred from incubation-dependent (O 2 light/dark change in bottles) and incubation-independent methods such as surface mixed-layer budgets of O 2 or dissolved inorganic C (Karl et al. 2003 , Williams et al. 2004 ). For example, Karl et al. (2003) suggested that an oligotrophic system that is heterotrophic the majority of the time could maintain net autotrophy with episodic productivity events of three times the background rate 10% of the time. Later, Quay et al. (2010) reexamined the 20-year 14 C-incubation primary productivity ( 14 C-PP) rate record at HOT, and found only two occasions where 14 C-PP was two times the mean rate and no occasions where it was three times the mean rate; thus, they suggested that either productivity events of this magnitude do not occur or the 14 C-PP method does not detect them. After evaluating potential causes of a high bias in 17 -based GOP and a low bias in incubation-based GOP, they concluded that the most likely explanation was the low bias in bottle-based methods.
In the context of the heated (and still ongoing) debate on net ocean metabolism (see Duarte et al. 2013 , Williams et al. 2013 , the finding that incubation-based GOP tends to be lower than incubation-independent GOP was significant, as it offered additional evidence that containment effects may cause productivity to be depressed in bottle incubations. Although there are arguably also biases introduced in geochemical budget approaches, including 17 -GOP, the ability to constrain a longer-term time-integrated measure of gross productivity free of containment effects is a clear asset for the 17 approach, and aids in identifying potential biases of incubation-based approaches.
What Do Comparisons of 17 -Based GOP with 14 C-Based Productivity Rates Tell Us?
Although comparison of incubation-independent 17 -GOP with incubation-based 14 C-PP is less straightforward, the abundance of oceanic 14 C-PP observations and the widespread use of the method for marine productivity over the past 60 years demand the effort. Differences in O 2 -and C-based measures of productivity in bottles had previously been considered during JGOFS studies in the Arabian Sea, North Atlantic, equatorial Pacific, and Southern Ocean (Bender et al. , 2000 Laws et al. 2000b) ; in a comparison of all concurrent JGOFS O 2 -and C-based incubation results, Marra (2002) demonstrated a fairly robust relationship between 18 O-GOP and 14 C-PP in 24-h incubations (Figure 3) . The slope of this 18 O-GOP/ 14 C (24h) -PP relationship derived from incubation data (2.7 mol O 2 /mol C) was reported later by Hendricks et al. (2004) and has subsequently been used to scale the areally integrated GOP determined from a mixedlayer 17 budget to a comparable 14 C-equivalent rate for purposes of comparison with historical incubation-or satellite-based estimates (Hendricks et al. 2005 , Reuer et al. 2007 , Juranek & Quay 2010 Observed relationships between gross O 2 production (GOP) and 14 C-incubation primary productivity ( 14 C-PP scales, the 2.7 scaling factor has been used as a basis for identifying variability in GOP/ 14 C-PP throughout diverse environments. Any observed differences can then be explored as a consequence of methodological bias (in either the 17 or 14 C approach) or actual fundamental differences in the underlying ratio of O 2 to C fixation (Figure 3) .
In 17 -GOP scaled to a 14 C-PP equivalent using a factor of 2.7 agreed reasonably well with historical 14 C-PP observations in the equatorial and subarctic Pacific (Hendricks et al. 2004 , Juranek & Quay 2010 , and 17 -GOP/ 14 C (24h) -PP observed during the Southern Ocean Gas Exchange experiment (4.2 ± 2.5) was reasonably close (within errors) to the expected ratio (Hamme et al. 2012) . However, there have also been notable exceptions to a GOP/ 14 C-PP of 2.7, typically toward larger values; in follow-up work at BATS, the 17 -GOP/ 14 C (12h) -PP ratio ranged from 3.5 in spring up to 7.9 in late summer (Luz & Barkan 2009) 18 O-GOP/ 14 C (3h) -PP ratio of 7.6 was reported for a dinoflagellate bloom in Lake Kinneret, Israel (Luz et al. 2002) . Also, Quay et al. (2010) found a tendency for the 18 O-GOP/ 14 C (12h) -PP ratio to decrease as a function of depth at HOT, with a ratio of 2.4 ± 0.3 at 5 m and a ratio of 1.1 ± 0.05 at 100 m.
An obvious question is, what is responsible for the range in GOP/ 14 C-PP observed in the ocean? Does the variability reflect a real, fundamental difference in the ratio of gross O 2 evolution to C fixation in diverse marine environments, or does it reflect a methodological bias of either the incubation or geochemical budget approach? The relative consistency of the ratio in incubations throughout the diverse oceanic regimes sampled by JGOFS argues for the potential for methodological biases, although the recently observed deviations from the 2.7 ratio in both 18 O-GOP/ 14 C-PP and 17 -GOP/ 14 C-PP require explanation. Review of the expected differences in gross O 2 evolution and 14 C-incorporation rates and how those relate to cellular functions over short (hourly) and longer (daily) timescales offers a good starting point for discussion. First, O 2 generation during photosynthesis is not directly proportional to organic C fixation: Some of the O 2 generated from splitting H 2 O molecules is consumed by light-dependent reactions such as photorespiration and the Mehler reaction , Laws et al. 2000b , Halsey et al. 2010 )-processes that cause consumption of O 2 without corresponding C fixation. Because the isotopic signature of the photosynthetic O 2 generation is imprinted in dissolved O 2 (even though some of it is later consumed), this causes GOP determined from isotopic budgets to overestimate C fixation (Bender et al. , 2000 . Second, the rate that is measured by tracking the incorporation of isotopically labeled C (e.g., 13 C, 14 C) into organic C over a prescribed time period is generally much less than the rate of gross C fixation. This is because some of the fixed C is catabolized for other cellular functions over timescales ranging from <20 min to daily , Halsey et al. 2010 . Because over a longer incubation, more of the previously fixed, labeled C will be liberated to CO 2 , the rate term measured by 13 C or 14 C labeling may be somewhat dependent on incubation length. The consistent relationship between GOP and 14 C (24h) -PP observed in JGOFS incubation data (Figure 3) can be reasonably explained in terms of these fundamental differences: Estimates of light-dependent O 2 cycling not associated with C fixation tend to fall in the range of 20%-25% , Halsey et al. 2010 ), a photosynthetic quotient (PQ) of 1.1-1.4 ( O 2 / CO 2 ; Laws 1991) takes into account electron transport diverted to nutrient assimilation and transport, and loss of labeled C over the course of the incubation for cellular metabolism has been estimated by Marra & Barber (2004) to be ∼50% of the 14 C (24h) -PP rate. Thus, (GOP-0.25GOP) PQ = 14 C (24h) -PP + 0.5( 14 C (24h) -PP); for PQ = 1.4, this implies GOP/ 14 C (24h) -PP = 2.8. Interestingly, Halsey et al. (2010) independently derived similar relationships between O 2 evolution and C fixation by tracking short-and long-term tracer behavior in experiments with a chemostat culture of the model organism Dunaliella tertiolecta. The Halsey study determined that biomass-normalized ( * ) net primary production (NPP) (e.g., NPP/Chl = NPP * , where Chl is chlorophyll) was always 40% of GOP * regardless of growth rate (μ). In other words, GOP * = 3.3 · NPP * . Also, although 24-h 14 C incubations gave a rate that was reasonably equivalent to NPP regardless of μ, the same was not true of short-term 14 C incubations: At low μ, short-term 14 C yielded a rate close to NPP, whereas at high μ, short-term 14 C was nearly three times the NPP. 17 -GOP/ 14 C (12h) -PP ratio of 2.7 ± 0.8 for this site after physical biases were accounted for using a one-dimensional upper-ocean model. Similarly, physical bias could potentially be invoked to explain high 17 -GOP/ 14 C-PP ratios observed in the western equatorial Pacific (Stanley et al. 2010 ) and coastal California (Munro et al. 2012) . Munro et al. (2012) corrected for vertical and advective effects in their mixed-layer estimates, but perhaps these terms were underestimated in a dynamic coastal area. Also, CalCOFI incubations run for 6 h and are scaled to a 24-h equivalent rate using an empirical relationship (Eppley 1992) , which convolutes this comparison. However, physical bias cannot be invoked to explain the high 18 O-GOP/ 14 C (24h) -PP ratio determined in bottle comparisons in the Celtic Sea (Robinson et al. 2009 ), the high 18 O-GOP/ 14 C (3h) -PP ratio observed in Lake Kinneret (Luz et al. 2002) , or the low 18 O-GOP/ 14 C (12h) -PP observed at 100 m at HOT ) ( Table 1) . Underestimation of the denominator could also cause an inflation of the GOP/ 14 C-PP ratio; this could arise from significant unmeasured dissolved organic 14 C production or from a tendency for containment effects to bias productivity toward lower values. Although incubation duration has been a variable factor in many comparisons with experiments lasting anywhere from 3 to 24 h, the results of Halsey et al. (2010) indicate that this would result in a ratio less than, not greater than, ∼3 (as 14 C incubations shorter than 24 h may overestimate NPP).
Certainly there could be real differences in the ratio of O 2 evolution to net C fixation across different productivity regimes. The tendency for the GOP/ 14 C-PP ratio to increase under highproductivity conditions may reflect a tendency for rapidly growing cells to allocate energy resources differently than cells growing under steady-state conditions ). Species-specific optimization schemes for allocating energy generated in electron transport may www.annualreviews.org • Marine Productivity from O 2 Isotopesalso be a factor. Of course, higher ratios could also reflect differences in time and space integration timescales and the contribution of infrequent but significant productivity events toward time-averaged productivity.
At present it is difficult to select from among the possibilities-it is only with continued close examination using a suite of different methodologies that track short-and long-term C and energy flow in variable light, nutrient, and community composition regimes that we will better understand what each method is telling us about productivity. However, the important takeaway is that the 17 approach is providing both a new perspective and renewed impetus for evaluating biological O 2 and C cycling over a range of timescales, and there are many opportunities for continued benefit from multiple-tracer studies of marine productivity in the future.
EVALUATION OF SATELLITE-BASED ESTIMATES OF NET PRIMARY PRODUCTION AND EXPORT
Because the 17 approach enables the determination of GOP from collection of surface seawater samples, at substantially reduced effort and cost compared with traditional productivity methods, this method has also been used to significantly expand the time and space distributions of fieldbased productivity observations throughout data-poor regions, often over very large spatial scales (Figure 1) . Ships of opportunity (both research and commercial) are especially versatile in this regard, and have allowed the evaluation of mean trends in productivity over key sectors of the Southern Ocean (Hendricks et al. 2004 , Cassar et al. 2007 , Reuer et al. 2007 ), Pacific Basin ( Juranek & Quay 2010 , Stanley et al. 2010 , Southern California Bight (Munro et al. 2012) , and North Atlantic . The versatility of the method for determining trends in productivity at the regional and basin scales also provides excellent opportunities for evaluating satellite-based primary productivity with in situ data.
Satellite ocean-color sensors offer vast potential to resolve the spatial and temporal variability of marine primary production, but because satellite algorithms are calibrated and validated with spatially and temporally sparse field data, algorithm-development efforts are forced to rely on "significant extrapolation" (Carr et al. 2006 ) of limited measurements to basin scales. Comparison of 17 -based GOP and satellite-based NPP across oceanic regions is therefore useful for evaluating potential biases in satellite-based algorithms. However, just as the comparison of GOP with 14 C-PP is complicated by the fundamental difference in rates estimated by each of these methods as well as the potential for methodological bias by either method, so, too, are comparisons of GOP and satellite-based NPP difficult to rectify. Although many satellite NPP algorithms are calibrated and validated using 14 C-PP rates and should broadly reflect a 14 C-PP rate equivalent, errors in estimation that arise from modeling NPP with a very limited suite of remotely retrievable parameters introduce a further complication. For example, even in places where 14 C-PP is routinely determined (ocean time-series sites like BATS and HOT), satellite algorithms can have difficulty reproducing the mean rate (Saba et al. 2010) .
Because most satellite PP algorithms are based on and/or calibrated with 14 C-PP data (Carr et al. 2006) and are tuned to estimate NPP, GOP results are typically scaled with a GOP/NPP ratio of 2.7 (with attendant caveats) to allow comparison. Most studies to date have compared 17 -GOP estimates with predictions from two satellite algorithms, the vertically generalized productivity model (VGPM) (Behrenfeld & Falkowski 1997 ) and a C-based productivity model (CbPM) (Behrenfeld et al. 2005 , Westberry et al. 2008 , as global maps of algorithm estimates are easily accessible from the Oregon State University Ocean Productivity Group Web site (http://www.science.oregonstate.edu/ocean.productivity). Reuer et al. (2007) Map of satellite net primary production (NPP) estimated from the vertically generalized productivity model (VGPM) (Behrenfeld & Falkowski 1997) , annotated with ratios of observed GOP/NPP (where GOP is gross O 2 production) for both the VGPM and C-based productivity model (CbPM) (Behrenfeld et al. 2005 , Westberry et al. 2008 ) in several basin-scale studies.
Atlantic sectors of the Southern Ocean and found GOP/NPP (VGPM) ratios of ∼5, approximately twice the ratio expected from JGOFS 18 O-GOP/ 14 C (24h) -PP comparisons (Figure 4) . In four Pacific Basin transits on a commercial cargo ship, Juranek & Quay (2010) found GOP/NPP (VGPM) ratios of 4-8 and GOP/NPP (CbPM) ratios of 3-6, with the highest ratios of GOP/NPP observed in the equatorial upwelling region. They estimated that if GOP/2.7 approximates NPP, then the VGPM and CbPM underestimate Pacific Basin (30
• N-30 • S) NPP by 4.5-9 Gt C annually, 20%-45% of the basin-integrated NPP for each algorithm. They suggested that the agreement of regionally averaged 17 -GOP with historical 18 O-GOP and of 17 -GOP/2.7 with 14 C bottle incubation data from the central equatorial Pacific indicates that satellite productivity might underestimate NPP in this region. In the western equatorial Pacific, Stanley et al. (2010) observed 17 -GOP/NPP (VGPM) ratios of ∼7 [although the ratios of concurrently measured 17 -GOP to 14 C (24h) -PP were also high and variable: 8.2 ± 4] ( Table 1) . In four transits of the Northeast Pacific, Juranek et al. (2012) found GOP that was 4.5-7 and 2.7-9 times NPP (VGPM) and NPP (CbPM) , respectively (Figure 4) , with the highest ratios typically in the subarctic and the transition region between the subtropics and subarctic (GOP/NPP comparisons; L.W. Juranek, unpublished data). In contrast to these results, Quay et al. (2012) found a 17 -GOP/NPP (VGPM) of ∼2.7 (expected ratio) and a 17 -GOP/NPP (CbPM) of 4.3 based on nine basin-wide transits across the subpolar North Atlantic.
Relationships between temperature, remotely sensed Chl, and satellite-based NPP have also been used to estimate global organic C export rates on the order of 10-12 Gt C year −1 (Laws et al. 2000a , Dunne et al. 2007 ). Because field data for constraint of these algorithms are typically sparse (generally confined to key locales that are occupied regularly, like time-series sites), NCP/GOP ratios derived from 17 and O 2 /Ar provide a new way to evaluate global trends predicted from satellite-based models ( Table 2 ). The salient feature that emerges when all NCP/GOP ratios are viewed in aggregate is the remarkably low variability observed across diverse regions of the global ocean. Nearly all observed values-from polar to subtropical and even coastal regions-tend to fall in the 0.1-0.2 range, including those from the Southern Ocean (0.08-0.13), the subtropical Pacific (0.19 ± 0.08), the subtropical/subarctic transition and subarctic Pacific (0.08-0.13), the subtropical Atlantic (0.13), and coastal California (0.14 ± 0.09). Exceptions include the slightly lower ratios observed in the central and western equatorial Pacific (0.06, although equatorial upwelling of O 2 -poor water can bias O 2 /Ar, and hence NCP, low in this region) and the high ratios observed on the Bering Sea shelf (0.40) and in the subpolar North Atlantic during spring bloom conditions (0.35).
Such constancy in the NCP/GOP ratio, analogous to an export ratio in O 2 currency, implies that relationships between temperature, NPP, and organic C export (Eppley 1972 , Laws et al. 2000b , Dunne et al. 2007 ) may not be as robust as previously suggested. A recent analysis of transfer efficiency derived from particulate organic C (POC) depth trends throughout the global ocean (Lam et al. 2011) has similarly concluded that paradigms that relate cold water, high productivity, and high export are not borne out by mesopelagic POC concentrations. Instead, the authors suggested a relatively constant transfer efficiency of 30% for low to moderate productivity rates, a sweet spot for maximal organic C transfer to depth at moderate productivity, and a decreasing transfer efficiency rate (<30%) for high productivity. Thus, most of the observed POC transfer efficiency rates characterized in the Lam et al. (2011) study, from oligotrophic to polar regions, were within the 0%-30% range, with a mean of 7%. Interestingly, the results of Behrenfeld et al. (2008) and Halsey et al. (2010) also suggest that the NPP/GOP relationship is relatively constant for a range of growth rates-only the internal allocation of newly fixed C changes as a function of growth rate. If the NPP/GOP ratio is relatively fixed at ∼1/3 (0.30 mol C/mol O 2 ), then this would suggest a theoretical upper limit for NCP/GOP (mol O 2 /mol O 2 ) of 0.4-i.e., (0.3 mol C/mol O 2 ) · PQ, where PQ for NCP is taken as 1.4 mol O 2 /mol C.
One of the clear strengths of the 17 and O 2 /Ar approach is the ability to easily obtain fundamental rate terms to characterize biological pump function over large areal scales, potentially on a repeat basis when utilizing ships of opportunity. Satellite-based NPP and export estimates are appealing as they allow us to scale up a fairly limited number of bottle-based estimates to produce plausible realizations of global trends. However, too often these estimates are used without proper regard for potential uncertainties when, in essence, they are model-based extrapolations. The uncertainty of NPP estimates is largely unconstrained, and errors and inaccuracies are easily propagated when organic C export is calculated as a product and/or function of satellite NPP. Use of existing and future 17 and O 2 /Ar observations to produce regional-scale estimates of GOP, NCP, and NCP/GOP will be valuable to algorithm evaluation and calibration efforts. Better coherence in the time and space scales of satellite-based estimates (∼1 km 2 and 1 week; Campbell et al. 2002) and the in situ 17 and O 2 /Ar approach as well as the potential for larger-scale coverage than has historically been feasible with bottle-based approaches are clear assets. Of course, the ability to constrain and further improve satellite NPP and organic C export algorithms will be reliant on continued evaluation of the interrelationships between GOP, NPP, and O 2 -and C-based tracers of these terms in diverse ecosystems of the global ocean. A better understanding of potential mixing and physical biases will also be needed to refine these estimates.
UNDERSTANDING CARBON CYCLING AT THE REGIONAL SCALE
As a brief demonstration of the utility of 17 (and O 2 /Ar) for evaluating biological C cycling at the regional scale, Figure 5 shows transects of GOP, NCP, and NCP/GOP along with selected upper-ocean water column properties from opportunistic surveys across the subtropical/subpolar transition region in the Northeast Pacific. Associated with a basin-wide Chl front (the transitionzone Chl front, nominally defined as the surface 0.2 mg m −3 Chl a horizon; Polovina et al. 2001 ) and a meridional nitrate gradient, GOP and NCP rates are three to four times the values found in adjacent subtropical and subarctic regions . Also associated with this front, which moves seasonally from a winter position at ∼30
• N to a summer position at ∼42
• N, are clear shifts in phytoplankton community structure, with organisms typical of subtropical regions south of the front (Prochlorococcus) and organisms typical of the high-nutrient, low-Chl subarctic region (picoeukaryotes and Synechococcus) north of the front. Spikes in coccolithophore and diatom indicator pigments in shipboard measurements, and large-scale increases in particulate inorganic C concentrations predicted from remote-sensing algorithms, indicate that diatom and coccolithophore activity may contribute at different times to enhanced productivity at the front, although the mechanisms for this are not clear .
Because the region is fairly remote, the only previous estimates of biological rates across this chemical and biological transition have been those from ecosystem models and satellite-based algorithms. Despite the observed Chl gradient, satellite-based algorithms indicate only slight NPP enhancement, and satellite-based organic C export estimates, which rely on NPP, also predict low export rates in this region. Enhancement of biological production and export across the transition-zone Chl front is notable because the North Pacific region is also an area of moderately strong air-sea CO 2 uptake (Takahashi et al. 2002 (Takahashi et al. , 2009 ). Therefore, a better understanding of the biological regulation of air-sea CO 2 flux in this region is essential for improving models of C cycling (Chierici et al. 2006 , McKinley et al. 2006 and predicting the response of the North Pacific CO 2 sink (and its biological pump component) to future climate-induced change. 
EMERGING RESEARCH DIRECTIONS
Clearly, the 17 tracer has already made important contributions to constraining fundamental rate terms of the biological pump at scales that have been difficult to attain with incubationdependent methods. Continued application to ships of opportunity, both research and commercial, will help to evaluate basin-scale and meridional trends in these terms and will aid in amassing a methodologically consistent data set suitable for evaluating large-scale trends in NPP and organic C export. The intermediate integration timescale of the O 2 -budget approach will also likely provide new insight into the coupling of production and export over time and space scales of ∼1-2 weeks and several kilometers, respectively, and will help to inform the ongoing debates about net metabolism in the open ocean (see Duarte et al. 2013 , Williams et al. 2013 .
Although the majority of the prior focus for 17 and O 2 /Ar applications has been on surface observations, there is an emerging interest in using both and O 2 /Ar in the seasonal thermocline is clearly evident in these surveys, and it is easy to envision how the evolution of 17 and O 2 /Ar signals subducted on isopycnals could be used as independent tracers of biological and physical processes in the ocean interior. In general, 17 should be conserved along abyssal transit pathways, and thus could conceivably be used as a tracer of the relative mixing of water masses bearing unique surface production histories (e.g., the North Atlantic and the Southern Ocean). Use of these data in global coupled model runs may also provide important constraints on thermocline productivity and remineralization rates or mixing processes in the ocean interior. However, at present the data available to these efforts are fairly coarse.
Finally, much recent effort has been directed at improving model-based biases in GOP calculation through the use of better equations that make results less sensitive to the choice of constants (Kaiser 2011 , Luz & Barkan 2011 , Nicholson 2011 , Prokopenko et al. 2011 ). Previously, differences in the way GOP was calculated could result in up to a 30% difference in calculated rates for the same 17 and O 2 /Ar values. Although new equations proposed by Kaiser (2011) and Prokopenko et al. (2011) and O 2 /Ar) should be archived so that GOP can be recalculated and compared in a consistent manner as model-based terms are better constrained. One of the largest remaining sources of uncertainty is the Open circles in the right column indicate samples collected from the flow-through seawater supply when adverse weather prevented conventional sampling. Clear, dramatic changes in community structure are coincident with threefold changes in gross O 2 production (GOP) and net community production (NCP) rates. The subtropical/subarctic transition region is also a globally significant CO 2 sink, yet a lack of prior field-based observations has made it difficult to quantify the importance of the biological pump for ocean CO 2 uptake in this region. Adapted from Juranek et al. (2012) with permission from the American Geophysical Union. Upper-ocean sections of 17 Juranek et al. (2012) with permission from the American Geophysical Union. (Luz & Barkan 2000 , Juranek & Quay 2005 , Sarma et al. 2005 but after subsequent experiments is now debated as either a much lower constant value of 8 per meg (Reuer et al. 2007 , Stanley et al. 2010 or a value ranging from 0 to 20 per meg as a function of temperature (Luz & Barkan 2009 Juranek et al. (2012) reported an average difference of 15% (n = 118) between GOP calculated with a 17 eq of 8 per meg and GOP calculated as a function of temperature, although individual estimates ranged from <5% to >100%. Thus, there is a clear need to resolve discrepancies in this value to reduce uncertainty in 17 -GOP in previous and future studies. Similarly, as longer-term records of 17 and O 2 /Ar are amassed, studies that incorporate observations into fixed-location one-dimensional model runs (Nicholson et al. 2012) or otherwise evaluate the potential for physical biases in surface mixed-layer budgets ) will be key for improving the accuracy of GOP estimates. As time and depth trends in the ocean interior become available (Figure 6 ), 17 and O 2 /Ar tracer data can be used to provide constraint on lower-euphotic-zone production; because a fundamental limitation of 17 -GOP determined solely from surface observations on ships of opportunity is the determination of mixed-layer rather than photic-layer productivity, these efforts will be necessary to scale surface-based results to total water column productivity.
Clearly, there is still much to be learned regarding rates of biological production and organic C export on a global basis. The 17 tracer has emerged as a powerful tool for assessing large-scale trends in marine productivity, and its inherent assets (absence of containment effects, determination of rates on approximately weekly timescales) will continue to contribute to understanding of productivity observations from other methods. Coordinated field observations that compare multiple tracers of GOP ( 18 O, 17 , bottle O 2 ) and 14 C-PP (short and long term) as well as fast repetition rate fluorometry and NCP (in bottles and budgets) in regions where there is a strong seasonal cycle in productivity will be vital to an improved understanding of the relationships between O 2 and C production and the relationships of the rate terms measured by all methods.
SUMMARY POINTS
1. The triple oxygen isotope approach for determining GOP provides a unique and powerful perspective for evaluating marine productivity at the global scale: 17 -GOP estimates are obtained free of containment artifacts, require less effort than traditional incubationdependent methods, and offer a time-averaged productivity on an intermediate timescale (corresponding to the residence time of O 2 in the mixed layer of ∼1-2 weeks).
2. Much can be learned by applying multitracer approaches to the simultaneous evaluation of productivity, as each method has inherent (and often unknown) biases. The unique 17 -GOP perspective has been useful for identifying potential methodological and scalerelated biases of incubation-based methods, and modeling sensitivities of 17 to physical processes will provide a better understanding of the biases and uncertainties of the in situ approach.
3. Throughout the global ocean there has been remarkable consistency in the ratio of GOP to NPP (where the former is measured by 18 O bottle incubations and the latter by 24-h 14 C incubations) and, surprisingly, in the ratio of NCP to 17 -GOP, although there have been notable exceptions in high-productivity environments. Relationships among O 2 -and C-based measures of production need to be better understood by tracking O 2 and C flows in natural communities over a range of timescales to provide insight into what the differences imply about biological C cycling.
4. The relative ease with which 17 -based GOP can be acquired repeatedly over large spatial scales is a clear asset; as such, these data can be used to provide constraint on satellitebased productivity and organic C export algorithms throughout data-poor regions where calibration/validation data have been historically lacking.
5. Improvements to the way the 17 method is applied have been made as the tracer behavior is explored through a combination of experimental and field-based studies. These modifications have already reduced uncertainties and identified potential biases of the approach, but there are still opportunities for continued refinement.
6. As the time and space distribution of 17 (and concurrent O 2 /Ar) becomes more well known throughout the ocean, these tracers will be useful for applications beyond the determination of surface productivity rates: The unique behavior of 17 and O 2 /Ar along transit pathways in the ocean interior should make these tracers valuable to constraint of deep-euphotic-zone productivity, respiration, and mixing in the ocean interior, particularly within the context of coupled model simulations.
